Abstract -Snake-like robots exhibited more advantages than conventional mobile robots on environment adaptation. They almost can move in most ill conditions including rough terrain, desert, water, cave and tree. In this paper, a 3D snake-like robot called Perambulator-II (Shenyang Institute of Automation Snake-like robot II) is developed with the acquirement of powerful propulsion and high mobility. The unit of snake-like robot Perambulator-II robot named as Modular Universal Unit (MUU) is introduced, which behaves three DOFs with a series of passive rollers around its cylinder body. Also, some considerations on mechanism design of snake-like robots are presented. And the shell shape of 3D snake-like robot according to mobility is discussed in detail. The locomotion of Perambulator-II is presented for test its performance. The experimental results are given to validate the mobility of the snake-like robot Perambulator-II.
I. INTRODUCTION
Snake-like robots presented more advantages than the conventional mobile robots such as legged robot and wheeled robot. For example, the stability is always a crucial point on legged robots, but on snake-like robots it is not necessarily much considered because of their long slim body contacting ground all along to keep its CG lowest. Also, the wheeled robots are unworkable on rugged ground, in marsh and sand, while snake-like robots could easily overcome all above problems by changing the gaits.
A lot of research works related to the snake-like robots have been published since the ACM snake-like robot was built by Hirose's research group in 1970s [1] . The latest one of Active Cord Mechanism is the ACM-R3 robot, which can perform more types of 3D locomotion [2] . Chirikjian and Burdick developed a thirty-degree-of-freedom hyperredundant robot with parallel mechanism [3] . Shan and Koren designed MS snake-like robots and analyzed the quasi-static locomotion with some links fixed on the ground [4] . Klaassen and Paap developed the GMD-Snake robot with drive wheels served as snake belly to enhance the propulsion [5] . NEC Corporation developed a 12 DOF snake-like robot Orochi with oblique joints [6] . Nilsson built a snake-like robot that can climb high with big torque output [7] . Ma has also done a lot of research work related to snake-like robots, which included the development of new snake-like robot [8, 12] and the analysis of locomotion [9, 10, 11, 12] . Recently, the Omnitread serpentine robot developed at the University of Michigan comprises of multiple rigid segments with drive track, connected by actuated joint. This mobile robot shows big propulsion and good mobility [15] . More snake-like robots is available at website http://www.ais.fraunhofer.de/~worst/snake-collection. htm.
In this paper, we develop a 3D snake-like robot Perambulator-II based on the development of Perambulator-I, as shown in Fig.1 , which is designed with high locomotion capability. The paper is organized as follows: section II gives some considerations on mechanism design of snake-like robots. Section III introduces the system of snake-like robot Perambulator-II. Section IV gives the locomotion model of proposed snake-like robot. Section V presents the experimental results and analyses. Finally, conclusion and future work are given to summarize the work of this paper.
II. CONSIDERATIONS ON MECHANISM DESIGN
Snake-like robots were mostly developed with modular unit and simple sequentially connected structure for saving the design and manufacture cost. Moreover, the modular design method makes module replacement and repair convenient. Several types of modular units with 1-DOF [11, 12] have been designed by our research group for the construction of snake-like robot, as shown in Fig.2 . However, DOF number and shell shape of module, which is very important to robot movement, have not been considered in detail. In this section, we discuss the optimal DOF number for module and analyze optimal shape for a 3D snake-like robot. 
A. Optimal DOFs of a Unit for snake-like robots
Each type of modular unit has its own characteristics on mechanism or control. A module with one DOF is the simplest one on mechanism to construct a snake-like robot through connecting the module in series. However, on this type of 3D snake-like robots consisting of 1-DOF module, there is an offset between Pitch and Yaw axis, which leads to motion singularities. Moreover, the ratio of output torque to weight of modular unit is limited by the actuator performance, although some improvement methods are used on it. We have developed two snake-like robots composed of 1-DOF module shown in Fig.2 .
A module with 2-DOF provided the chance to enlarge the ratio of weight to output torque through using coupled drive method. Moreover, the locomotion singularity is overcome by arranging two axes intersecting at one point. Generally, there are two rotational DOFs including Yaw and Pitch DOF. Professor Hirose at Tokyo Institute of Technology has developed ACM-R2 driven with wire by using coupled drive method [16] . On agility and propulsion, 2-DOF module is better for snake-like design than 1-DOF module. Now, let we consider the module with three DOFs. Usually, 2-DOF module provided snake-like robot with Pitch and Yaw DOF to let the snake-like robot move in 3-dimensional environment. On 3-DOF module, the Roll DOF will be added, and why we added the Roll DOF? The ball joint of backbone and multi-direction muscle of the snake show that the 3-DOF is necessary on natural snake, as shown in Fig.3 . In experiments, we also have seen that both the side winding and Sinus-lifting locomotion of snake need Roll DOF to modulate the pose of snake. In the environment adaptation locomotion on the 3-dimensional environment, Roll DOF is necessary to always keep the belly of snake contacting ground for efficient movement. So we get the conclusion that the roll DOF can enlarge the environment adaptability of the snake-like robot. The 3-DOF module for snake-like robot is an appropriate one although it would increase the mass and bulk of module. Also, the addition of the Roll DOF will improve the propulsion of snake-like robot through elaborate design on mechanism. There is always a tradeoff between the addition of the third actuation and decrease the ratio of weight to torque, which will be chosen according to the application. In this paper, we try to investigate the 3-DOF module for the future possible application. 
B. Type definition of snake-like robot on mobility
There are many different definitions for snake-like robots both on the mechanism and on control. Some researchers have defined the types of snake-like robot from mechanism such as ACM robot and Snakey. To best of our knowledge, there does not exist type definition of snake-like robot on the mobility and environment adaptation. The complicated outdoor environment needs the snake-like robots with high adaptation to move through. The lab floor will not be available anymore in outdoor environment like the rugged ground, slopes or obstacle. The environment is roughly cataloged to three cases: 2D environment, condition 3D environment and 3D environment. As shown in Fig.4 , the 2D environment just is a plane, which is not available in outdoor. Some planes interact to form regular structure such as stairs and slopes, which belong to condition 3D environment. The 3D environment means the general environment such as the rugged terrain, dessert. Some snake-like robots with one rotational DOF in the same direction only can be applied to 2D environment, and can't be used in the condition 3D environment for the lack of DOFs. So this type of snake-like robot is defined as one dimensional(1D) snake-like robot. The snake-like robot with two directional rotational DOFs can move on the condition 3D environment, which is defined as 2D snake-like robot. In real environments, the snake-like robots need three directional DOF to modulate its position and posture to adapt to the 3D environment, which is defined as 3D snake-like robot. Therefore, to move on outdoor environments, a 3D snake-like robot must be a best choice. Usually, the Roll DOF is designed to modulate module pose and keep the snake belly contacting ground. From the adaptation and propulsion aspect, this contact is more important for the robot movement than pose. We can also realize the contact from the contrary design by adding belly around the unit. Without the rolling motion, the belly of snake also can contact with ground. For example, the ACM-R5 and Omnitread can move on and adapt to ground with a series of bellies around snake body.
C. Shell shape of 3D snake-like robot
The shell shape of snake-like robot has not gotten much attention because many snake-like robots moved on the flat with only one surface contacting the ground. In the experiments, we find out that: while the environment is changed or when the environment is complicated, the 3D snake-like robot must use the Roll DOF to move or adapt to the environment. But when the robot need roll its unit, the shell shape of unit will affect the contact surface of other units and the adaptation, as shown in Fig.5 . The rolling motion of the square unit leads to the adjacent units leave from the ground. This affects the motion of the whole snake-like robot. The cylindrical makes all units of snake-like robot keep its position and always contact ground even in the rolling motion. There is no height of CG changed in the rolling motion of the cylindrical unit. This saves much energy for efficient locomotion. As a result, we can conclude that the cylindrical shell shape is the best shape of 3D snake-like robots. Cylindrical shell shape combined with roll DOF provide the snake-like robot with redundancy and much mobility, which will be presented in future paper.
III. SYSTEM OF SNAKE-LIKE ROBOT PERAMBULATOR-II
Based on the experimental results from the first generation snake-like robot Perambulator-I of Shenyang Institute of Automation and above analysis, we designed a 3D snake-like robot, which we called Perambulator-II. The Perambulator-II with cylinder shape and 3 DOFs in each unit presents much excellence in the environment adaptation and locomotion mobility. In this section, the construction of the 3D snake-like robot Perambulator-II will be described in details.
A. MUU design
This 3D snake-like robot is designed for environment adaptation and locomotion in this research. The joint unit called MUU(Modular Universal Unit) is developed with Pitch, Yaw and Roll DOFs. There are three FutabaS3305 DC servomotors with high torque output as joint actuator in the unit. The Pitch and Yaw motions are couple-driven through the differential mechanism actuated by two motors, as shown in Fig.6(a) . The differential mechanism consisting of three bevel gears [12] . This joint unit with differential mechanism can lift up two units as shown in Fig.1 . The reduction ratio 2:1 is utilized between the motor and the bevel gears. Potentiometers shown in Fig.6a are fixed on the axes of each motion to measure the joint angles for the control system. The Roll motion is generated by another servomotor through 2:1 reduction radio. A Panasonic lithium battery in the unit supplies the power to these three motors. The control module composed by a 16Bit Fujitsu processor manages its own control information. CAN bus was chosen to communicate among the units including the main control unit, which is fixed on the head of snake to harmonize the motions of all units. The outer shell of the joint unit is an Aluminum cylinder, on which a series of passive rollers are fixed to obtain the frictional property for the creeping movement shown in Fig.7 . Thus, it is easy to slip in the direction along the trunk, and difficult to slip in normal direction which is orthogonal to the trunk. The cylinder can be used as a large driven wheel to compensate the lack of propulsion resulting from passive rollers. This makes the robot perform possibly holonomic motion also non-holonomic motion. The motion singularities coming from non-holonomic constraints are possibly prevented. The motion range of each joint is from -90° to 90°. All three axes intersect at one point to avoid the singularity, as shown in Fig.6c . , , D E J are three variables of the three axes. The specifications of MUU are listed in table1. Its outer dimension is 172mm(long)x120mm(circumferential) and weight is about 1kg. The hardware of MUU has been shown in Fig.6d .
B. Action and location of body wheel
The body wheel is designed only for the contact with the ground to get the effective propulsion. This contact is the crucial property for snake-like robots to perform serpentine locomotion of the natural snake, which has shown that the contact supplied the impetus for the whole body. The passive rollers installed around the body avoid the plunge between snake body and obstacle and decrease the frictional force. These passive free rollers also form the body wheel to realize the contact. The free rollers make the body easy to slide in the tangential direction and difficult to slide in the normal direction. The shape of the roller is spindle, which make the formation of body wheel, whose radius is equal to the radius of spindle in vertical section as shown in Fig.8 . This body wheel is actuated by the Roll DOF of MUU to make the series of passive rollers form a big actuation wheel. The settings of the rollers enable the each part of the whole body to contact the ground for the environment adaptation and the body wheel Fig.8 is considered for continuous rotation of body wheel and the continuous free rotation of the roller while contacting always the ground. All rollers are embedded in the shell for minimizing the unit outer dimension. The Roll DOF actuates the body wheel rotation, while the force acts on the body in the normal direction, as shown in Fig.8 , and the forces in other directions are released by the free rollers. From view of this point, the body wheel is an omni-directional wheel, which benefits the locomotion of the robot. All passive rollers are arranged on the middle of the line from the pitch axis to the next pitch axis. This location of the rollers mainly comes from the research in [8] , which benefits the serpentine locomotion and robot modeling. The middle location of passive wheel closes in upon the serpenoid curve, which was proposed by Hirose based on observation from natural snake locomotion.
In this research, we set the passive roller at the middle of the link not only for the serpentine locomotion but also for the simpleness of building of the dynamic model of snake-like robot.
C. System of proposed 3D snake-like robot
Our 3D snake-like robot shown in Fig.1 consists of 7 joint units, which are chained in series. It exhibits mobility and dexterity with the totally 21 degrees of freedom. The video camera is equipped for capturing the video information and GPS is for detecting the position of the snake are fixed in the head of robot. The control structure is shown in Fig.9 . In future, we will add other sensors on the robot for the application. The specifications of snake-like robot are listed in 
D. Decoupling the input variable
Each MUU behaves three degrees of freedom, among of which the Pitch DOF and the Yaw DOF are couple-driven while the roll DOF leads the other motions. The three inputs, thus, must be solved first for generating the rotation of the Pitch, Yaw, and Roll DOFs. The decoupling kinematics is given as follows 
where D , E and J are the angles to define the unit posture, as shown in Fig.5b. 1 -, 2 -and 3 -are the output angles of the servomotor, respectively. The reduction ratio 2:1 has been considered in this equation. When Roll DOF is actuated by servomotor, the Roll DOF will lead the accessional motion of the Pitch axis and the Roll axis, i.e. the variable D and E change their position, which changed the resultant angle to affect the shape of snake-like robot. This accessional motion led by Roll DOF must be counteracted by kinematic method. The kinematic is expressed as follows [12] Roller Position Pitch Axis Next Pitch Axis 
Where I is the former resultant angle of D and E .
From 1 and 2, we can decouple the couple motion between the servomotor input and the accessional motion come from the Roll DOF.
IV. LOCOMOTION MODEL OF PROPOSED SNAKE-LIKE ROBOT
At present, many researchers have proposed several locomotion gaits of snake-like robot such as the serpentine locomotion, the side winding, twist and travel wave locomotion. Generally, the serpentine and twist locomotion are practical application for the complicated outdoor environment. In this paper, we mainly adopt serpentine and twist locomotion on the proposed snake-like robot.
A. Serpentine locomotion
The serpentine locomotion is the most efficient locomotion among of the four types of locomotion observed from the biological snake. The serpenoid curve has be popularly used as the body wave of snake-like robots. Our snake-like robot Perambulator-II can also generate the serpentine locomotion, while using the Serpenoid curve as snake head tracking path. The serpenoid curve is given by the curvature function
Where 0 D is the initial winding angle, L is the curve length of one cycle, s is the curve length along the serpenoid curve, respectively. The control method can realize the serpentine locomotion, which has been validated in [14] .
B. Twist locomotion
We all have known that a flexible cord in a plane can be driven sidewise with the same shape by rolling it with a hand to change the curvature of each side face. Similarly, in snake-like robots, by driving the curvature of snake-like robot periodically according to curvature of the flexible cord, the flexible body can move sidewise. Twist locomotion needs two DOFs in perpendicular direction to drive the links in coupled action. This locomotion requires the snake-like robot with 3D motion ability. The input function of twist locomotion is expressed as follows
This function was presented in [13] , which shows the detailed derivation of twist locomotion.
V. EXPERIMENTS
Some basic experiments have been performed on proposed snake-like robot. The serpentine locomotion and twist locomotion as well as the climb slope locomotion have been realized to validate the mobility of this snake-like robot. Twist locomotion is a practical movement, by which the snake-like robot can move fast and climb a slope with 15 degree angle, as shown in Fig.11 and 12 . Fig.11 and 12 shows the locomotion results while / 7
In the twist locomotion, all passive rollers on the unit drive MUU in the forward direction, and the sideway frictional force is released by the free rollers. As shown in Fig.13 , when the snake-like robot moves forward with distance d , the actuation distance is a d and f d is distance that the frictional force is removed.
Therefore, we can conclude that the roller save the energy dispensation, which is expressed as:
Where 1 , and E N f express the energy that the roller save, the pressure of MUU and the frictional efficiency, respectively. Subscript i expresses the number of MUU.
VI. CONCLUSIONS
A 3D snake-like robot Perambulator-II developed for acquirement of the powerful propulsion and high mobility is described in this paper. We have defined the classification of snake-like robot on the environmental adaptability. The MUU behaves three DOF is described in detail and some considerations on shell shape of snake-like robot are presented. This MUU adopts differential drive mechanism and the cylinder shell for getting big torque and high adaptability. A series of passive rollers around the shell provide robot with big propulsion and mobility. We also analyze the energy changed on the twist locomotion. The snake-like robot with MUU exhibits good mobility, big workspace and high output torque. The basic experimental results are presented in this paper to show its characteristics. With serpentine locomotion, the robot can move fast. Tt can move on a slope with twist locomotion. In times to come, the dynamics of snake-like robot and the environment adaptation will be researched. 
